Shoots of higher plants exhibit negative gravitropism. However, little is known about the mechanism or site of gravity perception in shoots. We have identified two loci that are essential for normal shoot gravitropism in Arabidopsis thaliana. Genetic analysis demonstrated that the shoot gravitropism mutants sgr1 and sgr7 are allelic to the radial pattern mutants, scr and shr, respectively. Characterization of the aerial phenotype of these mutants revealed that the primary defect is the absence of a normal endodermis in hypocotyls and inflorescence stems. This indicates that the endodermis is essential for shoot gravitropism and strongly suggests that this cell layer functions as the gravity-sensing cell layer in dicotyledonous plant shoots. These results also demonstrate that, in addition to their previously characterized role in root radial patterning, SCR and SHR regulate the radial organization of the shoot axial organs in Arabidopsis.
Introduction
Plants are highly adapted to respond to many environmental stimuli. Among these responses, gravitropism, the growth response whereby a plant orientates with respect to the gravity vector, is one of the most important phenomena in plant growth and development. In higher plants, the shoots show negative gravitropism (upward curvature) while the roots show positive gravitropism (downward curvature). The gravitropic response mechanism in plants can be separated into three sequential steps: gravity perception, signal transduction and an asymmetric growth response (Feldmann, 1985; Fukaki et al., 1996a; Kaufman et al., 1995) . It is believed that amyloplasts (starch-containing plastids) function as statoliths and sediment in response to gravity in specialized cells known as statocytes (Sack, 1991) . In roots, sedimented amyloplasts are found in the central columella cells of the root cap (Sack, 1991) . Gravity perception by roots is believed to occur via the sedimentation of these amyloplasts (Sack, 1991) . On the other hand, in shoots, sedimented amyloplasts are found in the innermost layer of cortex (Sack, 1987 (Sack, , 1991 . This layer is called the starch sheath or endodermis. In Nicotiana sylvestris and Arabidopsis thaliana, mutations that impair starch synthesis result in a lack of amyloplasts in both the root cap and the endodermis of the hypocotyl, and reduction of gravitropism is observed in both organs (Caspar and Pickard, 1989; Sack, 1989, 1990; Kiss et al., , 1996 Kiss et al., , 1997 . Based on this evidence and others (Roberts, 1984; Sack, 1987) , it has been hypothesized that the endodermis is the site of gravity perception in shoots (Sack, 1991) . To test this hypothesis genetically we screened for altered shoot gravitropism in mutagenized Arabidopsis plants (Fukaki et al., 1996b; Yamauchi et al., 1997) .
In the present report, we show that the shoot gravitropism mutants shoot gravitropism1 (sgr1) (Fukaki et al., 1996b) and newly isolated sgr7 are allelic to the radial pattern mutants, scarecrow (scr) (Di Laurenzio et al., 1996; Scheres et al., 1995) and short-root (shr) (Scheres et al., 1995) , respectively. Characterization of the aerial phenotype of these mutants revealed that the primary defect is the absence of a normal endodermal cell layer in hypocotyls and inflorescence stems. This indicates that the endodermis is essential for shoot gravitropism and strongly suggests that this cell layer functions as the gravity-sensing cell layer in dicotyledonous plant shoots. These results also demonstrate that, in addition to their previously characterized role in root radial patterning, SCARECROW (SCR) and SHORT-ROOT (SHR) regulate the radial organization of the shoot axial organs in Arabidopsis.
Results and discussion

Molecular lesions of the SCR gene in sgr1 mutants
The sgr1 mutant exhibited abnormal shoot gravitropism compared to wild type (Fukaki et al., 1996b) . Preliminary phenotypic characterization and mapping suggested that sgr1 could be allelic to the radial pattern mutant scr (a) Schematic diagram of the SCR gene indicating molecular defects in four scr mutant alleles, and possible functional motifs. Abbreviations: Q, S, P and T, region with homopolymeric repeats of these amino acids; b, region with similarity to the basic region of bZIP factors; 1 and 2, regions with leucine heptad repeats; a, acidic region. (b) Northern blot of wild-type, scr-1, scr-2, scr-3 and scr-4 total RNA from seedlings, probed with the SCR probe (Di Laurenzio et al., 1996) and a probe from the Arabidopsis glutamate dehydrogenase 1 (GDH1) gene (Melo-Oliveira et al., 1996) as an internal loading control. (Di Laurenzio et al., 1996; Scheres et al., 1995) . No complementation was found when homozygous lines were crossed, confirming the allelism. The SCR gene has been cloned and its deduced amino acid sequence contains motifs that suggest that it functions as a transcription factor (Di Laurenzio et al., 1996) . To determine the molecular lesions, the SCR coding region was sequenced in the sgr1-1 and sgr1-2 alleles. The sgr1-1 allele (now renamed scr-3) has a point mutation at codon 490 that would introduce a stop codon in place of the tryptophan normally present in the SCR gene product, resulting in a truncated protein that is missing 164 amino acid residues ( Figure 1a ). The sgr1-2 allele (now scr-4) has a 7 bp deletion that would result in a frameshift after codon 155 ( Figure 1a ). If a protein was produced from scr-4 it would contain only a part of the first motif of homopolymeric repeats, suggesting that this would be a non-functional product. The root phenotype of scr-4 is similar to that of scr-1 (which has no detectable SCR RNA; Di Laurenzio et al., 1996) suggesting that these two are null alleles. Both scr-3 and scr-4 produce wildtype levels of SCR mRNA and a transcript of similar size to that found in wild type ( Figure 1b ). The phenotypes of the four scr alleles are identical in respect to gravitropic responses.
Shoot gravitropism of sgr7/shr mutants
The scr mutation results in the loss of a cell layer between the epidermis and pericycle in Arabidopsis roots (Di Laurenzio et al., 1996; Scheres et al., 1995) . Another mutation, shr, results in a similar phenotype (Scheres et al., 1995) . When tested for shoot gravitropism, shr was also found to be deficient. The sgr7 mutant, identified in the screen for shoot gravitropism, was found to be allelic to shr (see the Experimental procedures). The phenotypes of shr (now shr-1) and sgr7 (now shr-2) are identical in respect to root architecture and gravitropic responses. The gravitropic responses of wild-type, scr and shr inflorescence stems and hypocotyls are shown in Figure 2 . Both scr and shr mutants exhibit root gravitropism (Figure 2e,f) although the shr roots curved slowly due to their reduced growth (Scheres et al., 1995) . In addition, both mutants appeared to exhibit normal shoot phototropism (Fukaki et al., 1996b ; data not shown).
Defects in aerial organs of scr and shr mutants
To determine if the gravitropic defect could be the result of alterations to the endodermis in the shoot axial organs, we analysed the radial organization of the hypocotyl and inflorescence stem. The wild-type hypocotyl contains one layer of epidermis, two layers of cortex and one layer of endodermis that surrounds the stele (Figure 3a ) (Scheres et al., 1995) . Sedimented amyloplasts are normally found in the endodermis (Figure 3d ). In contrast, both the scr and the shr mutant hypocotyls had two irregular layers of cells between the epidermis and stele (Figure 3b,c) . Neither of these two layers contained sedimented amyloplasts (Figure 3e,f) . Occasionally, we observed a few amyloplasts in the inner of the two irregular layers in scr (Figure 3e ). These amyloplasts were never sedimented.
Wild-type inflorescence stems contain one layer of epidermis, usually three layers of cortex, and one layer of endodermis that contains sedimented amyloplasts (Figure 3g ). In contrast, in both scr and shr inflorescence stems we found no cell layer containing sedimenting amyloplasts, indicating that either the endodermis is missing or it is abnormal (Figure 3h, i) . Taken together, these results indicate that the scr and shr mutations cause the loss of a normal endodermis that, in wild-type plants, contains sedimenting amyloplasts in both the inflorescence stem and the hypocotyl.
The roots of both scr and shr contained sedimented amyloplasts in the central columella cells of the root cap (Figure 3j , k, l) and exhibited normal root gravitropic responses (Figure 2d,e,f) . This indicates that neither SCR nor SHR plays a primary role in amyloplast development or sedimentation per se or in the later events of the gravitropic response that are probably common to root and shoot. We conclude that the lack of gravitropic responses in the mutant inflorescence stems and hypocotyls results from the absence of the normal endodermis, (a-c) Gravitropic response of wild-type (a), scr (b) and shr (c) inflorescence stems. Stems that were horizontally gravi-stimulated for 6 h (a and b) or 24 h (c) in darkness, as described previously (Fukaki et al., 1996b,c) , are shown. While the wild-type stems showed distinct negative gravitropic curvature, the scr and shr mutant stems exhibited no response to gravity. Scale bar ϭ 2 cm. (d-f) Gravitropic responses of wild-type (d), scr (e) and shr (f) seedlings. Seedlings that were grown vertically in darkness for 3 days after germination and horizontally gravi-stimulated in darkness for 24 h, as described previously (Fukaki et al., 1996b) , are shown. While the wild-type hypocotyls showed distinct negative gravitropic curvature, the scr and shr mutant hypocotyls failed to respond to the gravitropic stimulus. Although the shr roots curved slowly due to their reduced growth (Scheres et al., 1995) , gravitropic responses of scr and shr roots were essentially normal (see white arrows). The hypocotyl orientation of scr and shr mutants after germination was always more random than wild-type on vertical plates, as described previously using sgr1-1 (scr-3) (Fukaki et al., 1996b ; data not shown), but in these pictures the scr and shr seedlings that grew upright before the horizontal gravi-stimulation were selected. Scale bar ϭ 5 mm. Genotypes were ecotype Columbia (wild-type), scr-3 (scr), shr-2 (shr). The black arrow indicates the direction of gravity (g).
providing strong evidence that the endodermis is the site of gravity perception in the shoot.
The endodermis is also thought to be the main tissue involved in polar auxin transport in dicot shoots (Morris and Thomas, 1978 ; reviewed by Lomax et al., 1995) . Auxin transport is important for gravitropism, phototropism (Lomax et al., 1995) , floral bud formation (Okada et al., 1991) and the establishment of bilateral symmetry during embryogenesis in dicots (Bennett et al., 1995; Liu et al., 1993) . However, scr and shr plants are phototropic, and have normal floral buds and two separated cotyledons that are dependent on the establishment of bilateral symmetry during embryogenesis, suggesting that polar auxin transport is not greatly affected in either mutant.
Our results also show that SCR and SHR are required for the formation of a normal endodermis in shoots as well as roots. This indicates that the same genes are used to produce similar tissues formed from both the shoot and root apical meristems. These meristems have been described as having very different organization and function (Meyerowitz, 1997) . It will be interesting to determine when and how the SCR and SHR genes function within these two meristems to ensure correct radial patterning leading to the formation of a functional endodermis.
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Experimental procedures
Plant materials and growth conditions
The Columbia and Wassilewskija ecotypes of Arabidopsis thaliana (L.) Heynh. were the wild type used in this study; scr-1, scr-2 (Di Laurenzio et al., 1996) , scr-3 (sgr1-1; Fukaki et al., 1996b) , scr-4 (sgr1-2; Fukaki et al., 1996b) , shr-1 (Scheres et al., 1995) and shr-2 (sgr7-1) were used. scr-3 and shr-2 are in the Columbia ecotype, and scr-1, scr-2, scr-4 and shr-1 are in the Wassilewskija ecotype. For the gravitropic response of inflorescence stems, seeds were sown in vinyl pots and grown under constant white light at 23°C, as described previously (Fukaki et al., 1996c) . For the gravitropic responses of seedlings, seeds were sterilized and plated on Murashige Skoog media and then incubated for 3 days at 4°C in darkness, as described previously (Fukaki et al., 1996b) .
Genetic analysis
sgr7-1 was isolated from M 2 seeds mutagenized by fast neutrons (Lehle) that were screened for the phenotype of no inflorescence stem gravitropism, as described previously (Fukaki et al., 1996b) . The F 1 progeny of a cross between sgr7-1 and wild type, and between sgr7-1 and sgr1-1, had a wild-type phenotype, indicating that sgr7-1 is a recessive mutation and is not allelic to sgr1. The F 1 plants resulting from a cross between sgr7-1 gl1 (female, no trichome) and shr-1 GL1 (male, normal trichomes) had a mutant phenotype and normal trichomes, indicating that sgr7-1 is allelic to shr-1. 
DNA and RNA analyses
DNA and RNA preparations and Northern analysis were performed as described previously (Di Laurenzio et al., 1996) . DNA from individual mutant F 2 plants from a cross of sgr1-1 to Ler wild-type was analysed for co-segregation with cleaved amplified polymorphic sequence (CAPS) markers, as described by Konieczny and Ausubel (1993) . The closest linkage was found to markers (CDC2B and AP3-linked marker) located at the bottom of chromosome III, where the SCR gene is located (Di Laurenzio et al., 1996) . The SCR coding region was PCR amplified from scr-3 and scr-4 genomic DNA and sequenced on both strands. Any discrepancy from the known SCR sequence was confirmed using at least three independent PCR products.
Histological analysis
Three-day-old light-grown seedlings were fixed for 18 h in FAA [10% (v/v) formaldehyde, 5% (v/v) acetic acid and 50% (v/ v) ethanol] at room temperature then cleared with chloral hydrate : glycerol : water solution (8:1:2, w:v:v). Cleared seedlings were observed using Nomarski microscopy (Nikon, Optiphot-2). Stem segments (the region between 3.0 and 4.0 cm below the apex) were cut from primary inflorescence stems that grew upright after bolting, and fixed for 18 h in FAA at 4°C for 18 h in 0.2 ml tubes, keeping the growth orientation of stems. Stems that did not grow upright were not used. After fixation, samples were dehydrated in an ethanol series and embedded in Technovit 7100 (Heraeus Kulzer) according to the manufacturer's instructions. Sections (5 µm) were stained with toluidine blue.
Starch staining
Seedlings were grown vertically in darkness for 3 days after germination at 23°C on Murashige and Skoog plates, as described previously (Fukaki et al., 1996b) , without sucrose. Among the etiolated seedlings, those which grew upright were fixed in FAA in 1.5 ml microcentrifuge tubes for 12 h at 4°C, maintaining the growth orientation of hypocotyls. After fixation, seedlings were rinsed in 50% [v/v] ethanol and stained with IKI solution [2% (w/v) iodine, 5% (w/v) potassium iodine and 20% (w/v) chloral hydrate] for 1 min and mounted on slides with the clearing solution. Samples were observed using Nomarski microscopy.
